Nanorod epitaxial lateral overgrowth of a-plane GaN with low dislocation density
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Due to the existence of spontaneous and piezoelectric polarization fields, spatial separation of the electron and hole wave functions in conventional c-plane nitride-based quantum wells restrict the carrier recombination efficiency. 1 To avoid such polarization effects, growth along the ͓1120͔-oriented direction has been explored for planar a-plane GaN on r-plane sapphire. 2 Recent studies of InGaN/ GaN multiquantum wells demonstrate that it is possible to eliminate such polarization fields along the nonpolar orientation. 3 However, the difficulty to utilize nonpolar GaN is not a suitable substrate for heteroepitaxial a-plane GaN growth. In general, the threading dislocation ͑TD͒ density of ϳ3 ϫ 10 10 cm −2 and a basal stacking fault density of ϳ3.5 ϫ 10 5 cm −1 were commonly observed in a-plane GaN grown on r-plane sapphire. 2 The TDs in GaN act as nonradiative recombination centers which are responsible for poor internal quantum efficiency ͑IQE͒. Therefore, the reduction in TD density is essential to improve the a-plane device performance. Lateral epitaxial overgrowth ͑LEO͒ techniques have been employed to achieve defect reduction in nonpolar GaN. Previous LEO methods include SiN x nanomask LEO, 4 single-step LEO, 5 selective area LEO ͑SALE͒, 6 sidewall LEO, 7 and so on. However, the regrowth thickness of these LEO techniques is usually larger than 20 m to achieve a better coalescence surface, causing the difficulty in layer uniformity control. In this letter, we propose an approach of lateral overgrowth on nanorod a-plane GaN template to realize the defect reduction and quality improvement in the subsequently grown a-plane GaN layer. Compared with the above-mentioned LEO techniques, the nanorod epitaxial lateral overgrowth ͑NRELOG͒ is highly advantageous for thinner coalescence thickness, lower cost, and easier realization of a high-quality GaN template.
The process of NRELOG is schematically shown in Fig.  1 . First, a 1.5-m-thick a-plane GaN layer was grown on r-plane sapphire by metal-organic chemical vapor deposition ͑MOCVD͒. Then, a SiO 2 film with a 200 nm thickness and a Ni film with a 10 nm thickness were deposited in sequence to act as the etching mask. Subsequently, the thermal annealing treatment was utilized to obtain nanoscale Ni masks. The diameter of the Ni mask is 300-500 nm and the mask density is estimated to be around 6 ϫ 10 8 / cm 2 as shown in Fig. 2͑a͒ . The Ni masks exhibit a random distribution with arbitrary geometries. After that, the GaN nanorods were etched through the nanomask openings by reactive ion etching ͑RIE͒/inductively coupled plasma etching ͑ICP͒ until the height of these nanorods is 0.5 m. The etchants for RIE were SF 6 and Ar, and the etchants for ICP etching were Ar, BCl 3 , and Cl 2 . Then, the SiO 2 films were deposited on the nanorods. Since the etching rate of RIE is anisotropic ͑the vertical etching rate is faster than horizontal etching rate͒, we can control the RIE parameters to remove the SiO 2 on top of a-plane nanorods and simultaneously leave residual SiO 2 on sidewalls of rods, as shown in Fig. 2͑b͒ SiO 2 film and the top of nanorods exhibit the flat a-plane surface. Because the nanorods were fabricated via Ni masks, the shape and homogeneities of nanorods was similar to that of Ni masks. Finally, the GaN regrowth was performed on the nanorod template by MOCVD.
Figures 2͑c͒ and 2͑d͒ show the scanning electron microscopy ͑SEM͒ images of initial regrowth on a-plane GaN nanorods in 45°and 90°angle of view, respectively. The inset of Fig. 2͑c͒ illustrates a GaN seed grown on the a-plane nanorod. Because of the sidewall passivation, the GaN regrowth along the side facets of rods was suppressed and GaN seeds only deposit on the top of nanorods. Since the growth rate in the Ga face ͑+c direction͒ was tenfold magnitude higher than that in N face ͑−c direction͒, 5 the Ga face became the arrowlike shape. The morphology of the N face became a half of hexagon and maintained mirrorlike flatness as shown in Fig. 2͑d͒ . As a result, the shape of the GaN seed was similar to that of the lying hexagonal pyramid. These GaN seeds combined with each other and finally became a fully coalesced GaN film. Figure 2͑e͒ shows the crosssectional SEM image of the fully coalesced GaN film. The NRELOG coalesced process can be completed within the thickness of 10 m in comparison to the fully coalescence thickness of over 20-40 m obtained in previous LEO techniques. Figure 2͑f͒ exhibits the magnified picture of the black circular dotted line in Fig. 2͑e͒ . We observed that the NRELOG epilayer was suspended on the GaN nanorods due to the sidewall passivation by SiO 2 . Figures 2͑g͒ and 2͑h͒ show the 5 m 2 atomic force microscopy ͑AFM͒ images of the as-grown sample and the NRELOG sample, respectively. These two samples were grown under the same growth conditions ͑the growth temperature, pressure, and V/III ratio were 1180°C, 200 mbar, and 800-900, respectively͒. Compared with the as-grown sample, the NRELOG sample apparently had the superior surface quality and less surface pits, which are believed to be originated from the TD terminations with the surface.
2 Therefore, the less surface pits show the possibility of dislocation reduction. The rms roughness of the NRELOG sample was approximately 1.9 nm, which was smaller than that of the as-grown sample ͑nearly 4.1 nm͒.
A high-resolution x-ray diffractometer ͑Bede D1͒ with a Cu target was employed to investigate the crystalline quality of GaN epilayers. All data are collected at 40 KV, 50 mA using a line focus x-ray source with 10 arc sec per step. The omega x-ray rocking curves ͑XRCs͒ on-axis ͑1120͒ and offaxis ͑1101͒ reflections for the as-grown ͑1.5/ 10 m thickness͒ and NRELOG a-plane GaN samples were measured as shown in Figs. 3͑a͒ and 3͑b͒ , respectively. It revealed that the on-and off-axis full width at half maximum ͑FWHM͒ were narrowed with increasing layer thickness due to the inclination in bulk epitaxial GaN growth. Moreover, the XRC FWHMs of the NRELOG sample on-axis and off-axis reflections were further reduced from 903 to 430 arc sec and from 1821 to 1148 arc sec with respect to the as-grown sample with 10 m thickness. In comparison with the FWHMs of the as-grown and NRELOG samples grown to similar thickness, it is evident that the crystal quality of the a-plane GaN epilayer indeed could be improved with the NRELOG technique. On the basis of previous literature, 4-7 the on-axis FWHM value of NRELOG samples ͑430 arc sec͒ is even narrower than that of the SiN x nanomask LEO ͑900 arc sec͒/ single-step ELOG sample ͑612 arc sec͒ and is comparable to that of either SALE or sidewall LEO sample ͑ϳ324 arc sec͒.
The typical bright-field cross-sectional transmission electron microscopy ͑TEM͒ image near ͓1100͔ zone axis of the NRELOG sample is shown in Fig. 4͑a͒ ͑acceleration voltage= 120 kV͒. Inset presents the corresponding electron diffraction pattern. The yellow dotted lines represent the contour of GaN nanorods. Regions I and II show the nanorod template and the GaN regrowth epilayer, respectively. From the TEM image, it is obvious that TD density in region II is much lower than that in region I. The mechanism of TD reduction by NRELOG is similar to the previous LEO methods. [4] [5] [6] [7] The GaN seeds initially grown on the a-plane nanorods are the windows, and the subsequent lateral overgrown GaN are the wings. We can observe that the dislocation lines from region I penetrated into region II via the nanorods ͑windows͒. In contrast, the GaN wing between two nanorods was essentially free of dislocations. The average TD density in region II was estimated to be 3.5ϫ 10 8 cm −2 , which was about two orders of magnitude lower than that in region I ͑3 ϫ 10 10 cm −2 ͒. In addition, the stacking fault ͑SF͒ was observed from the plan-view TEM image near ͓1120͔ zone axis as shown in Fig. 4͑b͒ . The SF density was estimated to be 2 ϫ 10 5 cm −1 , which was decreased by a factor of 2-3 compared to that of as-grown sample. We believe that the TD and SF density could be further decreased while the optimization of nanorod parameter is performed.
Temperature-dependent photoluminescence ͑PL͒ was utilized to investigate the quantum efficiency of the grown samples. In general, the temperature-induced quenching of luminescence involves the thermal activation of excitons to nonradiative defect states. 8 In other words, a slower intensity decline with the temperature increasing means a lower defect density in the grown sample. The normalized integrated PL intensity ratio obtained at 20 and 300 K ͓I PL ͑300 K͒ / I PL ͑20 K͔͒ could represent the IQE of the GaN samples. Figure 4͑c͒ shows the normalized integrated PL intensity of GaN emission as a function of 1000/T for the as-grown sample and the NRELOG sample. The IQE obtained from ͓I PL ͑300 K͒ / I PL ͑20 K͔͒ value for the NRELOG GaN has a 3.4-fold increase compared to that of the asgrown GaN. The reduction in the TD density in case of NRELOG samples as compared to as-grown samples can contribute to the enhancement in the quantum efficiency and thermal activation energy. 9 In conclusion, we have grown high-quality and fully coalesced a-plane GaN films by using NRELOG. The fully coalesced thickness ͑10 m͒ of NRELOG sample was decreased by a factor of 2-4 with respect to the previous reported LEO techniques, such as ELOG, SALE, and sidewall LEO. [5] [6] [7] According to the result of TEM, the average TD density can be apparently reduced from 3 ϫ 10 10 to ϳ3 ϫ 10 8 cm −2 . The XRC FWHMs on-and off-axis reflections were decreased from 1308 to 430 arc sec and from 2420 to 1148 arc sec, respectively, demonstrating the strain mitigation and the improvement of the crystal quality by NRE-LOG. Additionally, the temperature-dependent PL result showed the 3.4-fold increase in IQE compared with the asgrown GaN, which could be attributed to the TD density reduction. A series of experiments demonstrated the feasibility of using NRELOG technique to achieve the TD reduction, crystal quality improvement and the enhancement in luminescence performance in a-plane GaN.
